There are two estrogen receptor (ER) subtypes in fish, ER␣ and ER␤, and increasing evidence that the ER␤ subtype has more than one form. However, there is little information on the characteristics and functional significance of these ERs in adults and during development. Here, we report the cloning and characterization of three functional ER forms, zfER␣, zfER␤1, and zfER␤2, in the zebrafish. The percentages of identity between these receptors suggest the existence of three distinct genes. Each cDNA encoded a protein that specifically bound estradiol with a dissociation constant ranging from 0.4 nM (zfER␤2) to 0.75 nM (zfER␣ and zfER␤1). In transiently transfected cells, all three forms were able to induce, in a dose-dependent manner, the expression of a reporter gene driven by a consensus estrogen responsive element; zfER␤2 was slightly more sensitive than zfER␣ and zfER␤1. Tissue distribution pattern, analyzed by reverse transcription polymerase chain reaction, showed that the three zfER mRNAs largely overlap and are predominantly expressed in brain, pituitary, liver, and gonads. In situ hybridization was performed to study in more detail the distribution of the three zfER mRNAs in the brain of adult females. The zfER mRNAs exhibit distinct but partially overlapping patterns of expression in two neuroendocrine regions, the preoptic area and the mediobasal hypothalamus. The characterization of these zfERs provides a new perspective for understanding the mechanisms underlying estradiol actions in a vertebrate species commonly used for developmental studies.
INTRODUCTION
Estrogens influence a wide range of physiological processes, including growth, reproduction, and general homeostasis, by exerting effects on numerous reproductive and nonreproductive target tissues. Most of their actions are mediated by specific nuclear proteins, namely estrogen receptors (ERs) acting as ligand-activated transcription factors modulating estrogen target gene activity. Two subtypes of ERs, ER␣ and ER␤, have been cloned from different mam-malian and nonmammalian vertebrates (e.g., human [1, 2] , rat [3, 4] , quail [5] , eel [6] , catfish [7] , seabream [8] ). Like the other members of the nuclear receptor superfamily, all these proteins share a common structure-function organization in different functional modules [9] . The N-terminal A/B domain regulates gene transcription in a promoter-and cell-specific manner through its AF1 activation function. The highly conserved C domain contains two zinc fingers that enable the receptor to bind DNA on specific palindromic sequences, the estrogen responsive elements (EREs). The intermediary D domain is poorly conserved but appears necessary to the maintenance of the ER tridimensional structure [10, 11] . In the C-terminal region, the E/F domain is involved in the binding of specific ligands and plays a key role in the ligand-dependent transactivation function (AF2).
The two ER subtypes in mammals, ER␣ and ER␤, present a similar overall structure, but in vitro they have different functional characteristics [12] [13] [14] [15] [16] , notably in their ligand affinities and transactivation capacities. These receptors exhibit a wide distribution in reproductive and nonreproductive adult rat tissues but present different expression patterns as shown by reverse transcription polymerase chain reaction (RT-PCR) [12] or as demonstrated by in situ hybridization and immunohistochemistry in the brain [17, 18] and in gonads [19] . However, in several diencephalic regions, a strong overlapping of ER␣ and ER␤ mRNAs was reported [17] . Within these regions, double-labeling experiments demonstrated that the two ER subtypes are expressed in different cells but also coexist in the same neurons [18] . Furthermore, during mouse embryogenesis, ER␣ and ER␤ are characterized by a differential spatiotemporal expression [20] . Altogether, these results suggest specific functions for each ER subtype in adult and during development, but at the present stage the respective physiological roles of each ER protein remain unclear.
Very recently, two ER forms, phylogenetically related to the tetrapod ER␤ subtype, have been isolated in two fish species [21, 22] . These fish ER␤s exhibit clear structural differences throughout their entire coding region, indicating the existence of two distinct ER␤ forms originating from different genes in these species. However, information on the hormonal specificity, binding characteristics, and transactivating capacities of these new teleost ER␤s, notably in comparison with ER␣, has been scarce, and their precise distribution within the central nervous system is unknown. For this reason, we decided to study the estradiol binding affinities, the hormonal specificity, the transcriptional activities, the expression pattern in different tissues, and the brain distribution of three ERs (zfER␣, zfER␤1, and zf-FIG. 1. Amino acid alignment of zfER␣, zfER␤1, zfER␤2, hER␣, and hER␤. The conserved amino acid residues are noted by stars. The triangles show cysteine residues contained in zinc finger motifs. Gaps are noted with a hyphen. In the E/F domain, the helices surrounding the ligand binding cavity are boxed [34] ER␤2) within a teleost model now widely used for development studies, the zebrafish.
MATERIALS AND METHODS

Cloning of Zebrafish ER␣, ER␤1, ER␤2 cDNA
One microgram of total RNA from estradiol-treated adult (males and females) zebrafish liver was reverse transcribed with oligodT by expand reverse transcriptase (Boehringer Mannheim, Mannheim, Germany). The entire coding region of zfER␣ cDNA (GenBank AB037185) has been amplified by PCR with oligonucleotides ␣P1 (5Ј-CTCTCACCCATGTA-CCCTAAGGA-3Ј) and ␣P2 (5Ј-CTCTCACCCATGTACCCTAAGGA-3Ј). The zfER␤1 cDNA has also been amplified by PCR with primers ␤1P1 (5Ј-CACATCACCTGCTGCCTGCTAA-3Ј) and ␤1P2 (5Ј-ACTGA-TGGATGGATGAATGAAATGCC-3Ј), chosen on both sides of the zfER␤ coding region (GenBank AJ275911). PCR products were visualized by electrophoresis on a 1% agarose gel, subcloned in Topo-pCDNA3 expression vector (Invitrogen, San Diego, CA), and fully sequenced.
GenBank accession BF717864 was defined for a partial sequence (401 [23] . We obtained this clone from I.M.A.G.E. Consortium (ID 2601181) and fully sequenced it. This clone corresponds to full length zfER␤2 cDNA. The entire coding region has been amplified by PCR using primers ␤2P1 (5Ј-GATAGTAGTGTGGTATAC-3Ј) and ␤2P2 (5Ј-TTCGTCTTGTGAAATCCTACT-3Ј) and then subcloned in Topo-pCDNA3 expression vector. All cloned fragments were sequenced by the PRISM Ready Reaction Big Dye Terminator cycle sequencing protocol (PE Biosystems, Courtaboeuf, France).
Sequence Analysis
Multiple alignments and identity analysis were performed and a phylogenetic tree was generated with Clustal W [24] . The phylogenetic tree was constructed using the following ER and estrogen receptor-related receptor (ERR) amino acid sequences available from GenBank with their hypervariable A/B domains deleted. Sequence alignment was performed according to the Lipman-Pearson algorithm using the Dayhoff matrix for amino acid residue homology. The sequence sources and GenBank numbers are as follows: Atlantic croaker ER␣ (acER␣, AAG16713), Atlantic croaker ER␤ (acER␤, AAG16711), Atlantic croaker ER␥ (acER␥, AAG16712), catfish ER␣ (cfER␣, AAC69548), catfish ER␤ (cfER␤, AAF63157), chicken ER␣ (chickER␣, CAA27433), chicken ER␤ (chickER␤, BAA88667), Japanese eel ER (eER, BAA19851), gilthead seabream ER␣ (gsER␣, CAB51479), gilthead seabream ER␤ (gsER␤, AAD31033), goldfish ER␤ (gfER␤, AAD26921), goldfish ER␤2 (gfER␤2, AAF35170), hamster ER␣ (hmER␣, AAD53956), human ER␣ (hER␣, X03635), human ER␤ (hER␤, AF051427), human ERR1 (hERR1, P11474), human ERR␤ (hERR␤, NP004443), human ERR␤2 (hERR␤2, AAC99409), human ERR␥ (hERR␥, NP001429), medaka ER (mdER, P50241), mouse ER␣ (mER␣, M38651), mouse ER␤ (mER␤, CAA03949), quail ER␤ (qER␤, AAC36463), rainbow trout ER␤ (rtER␤, CAC06714), rainbow trout ER␣ long (rtER␣ L, CAB45139), rainbow trout ER␣ short (rtER␣ s, CAB45140), rat ER␣ (rER␣, CAA68287), rat ER␤ (rER␤, AAC52602), tilapia ER1 (tER1, AAD00245), tilapia ER2 (tER2, AAD00246), Xenopus ER (xER, P81559), zebra finch (finchER,AAB81108), zebrafish ER␣ (zfER␣, AB037185), zebrafish ER␤1 (zfER␤1, AJ414566), zebrafish ER␤2 (zfER␤2, AJ414567).
In Vitro Transcription/Translation and Binding Analysis
The in vitro translation reactions were performed using 1 g of each expression vector and T7 RNA polymerase in a rabbit reticulocyte lysate to synthesize in vitro zfER proteins. Reactions were performed at 30ЊC for 90 min as recommended by the supplier (Quick TNT; Promega, Madison, WI). 35 S-Methionine-labeled proteins were visualized by autoradiography after SDS-PAGE.
For estradiol-binding assay, 2-4 l of unlabeled lysate containing each zfER was diluted in a total volume of 50 l of TEG (10 mM Tris-HCl, pH 7.4, 1.5 mM EDTA, 10% glycerol) and incubated for 16 h at 4ЊC, with 0.155-5 nM [2.4.6.7-3 H]estradiol-17␤ (E 2 , specific radioactivity 99 Ci/mmol; Amersham, Uppsala, Sweden). Nonspecific binding was determined in the presence of a 150-fold excess of unlabeled E 2 . Bound and unbound fractions were separated by charcoal/dextran treatment. After counting, specific binding was obtained by subtracting nonspecific binding from total binding. The dissociation constant (K d ) was determined by lin-ear Scatchard transformation [25] and was the mean of three independent experiments, each performed in duplicate.
Cell Culture and Transfection Assays
Chinese hamster ovary (CHO) cells were maintained in Dulbecco modified Eagle medium with F12 (DMEM-F12; Sigma, St. Louis, MO) supplemented with 5% fetal calf serum (FCS; Life Technologies, Carlsbad, CA), 100 U/ml penicillin, 100 g/ml streptomycin, and 25 g/ml amphotericin (Sigma). Cells were cultured at 37ЊC in 5% CO 2 atmosphere. Cells were seeded in 24-well plates with phenol red-free DMEM-F12 containing 2% of charcoal/dextran FCS 24 h before transfection. Transfections were performed at 50-60% confluence by a CaPO 4 /DNA coprecipitation method 1 h after changing the medium. Transfected DNA contained 5 ng of expression vector (with or without the coding region of each zfER), 50 ng of ERE-TK-Luc reporter, 150 ng of internal ␤-galactosidase control vector (PCH110), and 795 ng of DNA carrier pBluescript plasmid. Cells were shocked overnight at 37ЊC in 2% CO 2 and washed twice with a saline phosphate buffer solution, and medium was replaced with fresh phenol red-free DMEM-F12 (without FCS) containing ethanol (0.1%) with or without hormones. For the dose effect analyses, cells were treated with E 2 at 10 Ϫ8 M progesterone. After 36 h of treatment, cells were lysed, and 10% of the cellular extract was used to measure luciferase activity (luciferase assay system; Promega). ␤-Galactosidase activity was used to normalize transfection efficiency in all experiments, which were performed in triplicate. Results were expressed in fold induction versus promoter activity and corresponded to the mean of three independent experiments. Differences between the control vector and each expression vector were analyzed using an ANOVA with the Fisher probable least squares difference test.
Qualitative RT-PCR
To analyze the distribution of mRNA zfER␣, zfER␤1, and zfER␤2, tissues from five to nine preovulatory females (brain, pituitary, liver, ovary, intestine, eyes) and five mature males (testis) were collected. Total RNA was extracted and reverse transcribed with random hexamers (Boehringer Mannheim). Complementary DNA fragments corresponding to the C-terminal region of each zfER were amplified by PCR (30 cycles) with the following primers: ␣P3 (5Ј-CAGTAAATCAGGAGCGTCGCT-3Ј) and ␣P4 (5Ј-ATGTGTATATGGTGGCAGTGC-3Ј), ␤1P3 (5Ј-ATGTGGAGA-GTCGCGGGAA-3Ј) and ␤1P4 (5Ј-ACTGATGGATGGATGAATGAAA-TGCC-3Ј), and ␤2P3 (5Ј-AGACCGGCCTTAGCTTCCAG-3Ј) and ␤2P4 (5Ј-GTCCATCCTCCCGAAACTACAGA-3Ј). The acidic ribosomal phosphoprotein PO mRNA [26, 27] was also amplified by PCR (27 cycles) as an internal control with the primers PO-1 (5Ј-AAYGTGGGCTCCA-AGCACATG-3Ј) and PO-2 (5Ј-GAGATGTTCAGCATGTTCAGC-3Ј). In each case, PCRs were also done without cDNA, as a negative control. Amplified PCR products were visualized on a 1.5% agarose gel stained by ethidium bromide.
Slot-Blot Assay and In Situ Hybridization
The specificity of each riboprobe used in the in situ hybridization protocol was first verified by slot-blot assay [28] . Expression vectors containing the full coding cDNA regions of zfER␣, zfER␤1, and zfER␤2 were used to synthetize in vitro the corresponding mRNAs with T7 RNA polymerase. After DNase I treatment and purification, 0.8 ng, 3.1 ng, and 12.5 ng of each mRNA were spotted onto a nylon Biodyne A membrane (Pall Gelman Sciences, Ann Arbor, MI). Membranes were hybridized with each [␣-32 P]dCTP radiolabeled cDNA probe corresponding to the same sequence used for riboprobes. After highly stringent washing, autoradiographs were produced from the blots.
For radioactive in situ hybridization, three riboprobes were generated. The zfER␣ riboprobe was synthetized from a fragment of 782 bp cloned into pBluescript and corresponding to the D/E domain of the zbER␣. The zfER␤1 riboprobe was obtained from a fragment of 851 bp inserted into pBluescript and overlapping the D/E domain of the zbER␤1. For the zfER␤2 riboprobe, a fragment corresponding to 268 bp of the A/B domain and 140 bp of the 5Ј untranslated region was introduced into pCDNA3. For zfER␣ and zfER␤1, antisense and sense riboprobes were synthesized in vitro with T7 RNA polymerase with plasmids linearized with XhoI and with T3 RNA polymerase with plasmids linearized with BamHI. For zfER␤2, antisense and sense riboprobes were generated with T7 RNA polymerase using plasmids linearized with XhoI. The template DNA was removed by DNase I treatment, and the radiolabeled riboprobes (␣ 35 S-UTP) were separated from unreacted components on a Sephadex G50 column with ethanol precipitation. Labeled riboprobes were then resuspended in 0.1 M dithiothreitol.
In situ hybridization experiments were performed on five brains from adult female zebrafish. Animals anesthetized on ice were cut at the back of the head, and the skull was opened to expose the brain. Whole animals were then placed in a fixative solution (4% paraformaldehyde in 1 M phosphate buffer, pH 6.8) overnight at 4ЊC. Removed brains were postfixed for 24 h at 4ЊC in fresh fixative solution, rinsed in buffer, and dehydrated in a series of alcohols. Tissues were then embedded in paraffin, and cross sections (6 m) were collected on Tespa-treated slides and stored at 4ЊC in boxes containing silica gel until in situ hybridization was performed, according to the protocol previously published [29] . After hybridization, sections were dehydrated and dipped into an Ilford K5 photographic emulsion. Slides were developed after 2 wk of exposure at 4ЊC, counterstained with toluidine blue (0.02%), and mounted with Depex. Slides were observed with an Olympus Provis photomicroscope under dark-field and bright-field illumination. Identification of brain nuclei was according to the zebrafish brain atlas [30] .
RESULTS
Sequence and Phylogenetic Analysis
We characterized three cDNA clones. The predicted amino acid sequences of zfER␣, zfER␤1, and zfER␤2 cDNAs consisted of 569, 592, and 553 amino acid residues with estimated molecular masses of 63, 66, and 63kDa, respectively (Fig. 1) . Our cDNA clone zfER␤1 was obtained with primers corresponding to the sequence of GenBank zfER␤ (AJ275911); however, the alignment of the two sequences showed that GenBank zfER␤ possesses 24 additional nucleotides corresponding to 8 additional amino acid residues at the end of the C domain (data not shown). This last sequence could be an isoform of zfER␤1, but these additional amino acid residues could not be properly aligned with the other ER sequences. Consequently, we submitted a new GenBank accession number for the sequence of zfER␤1 (AJ414566).
Identity was 40.5% between zfER␣ and zfER␤1, 39.4% between zfER␣ and zfER␤2, and 51.5% between zfER␤1 and zfER␤2. However, the overall amino acid sequences for these receptors were clearly different (Fig. 2) , indicating that each zfER protein was not an alternatively spliced isoform but was generated by a distinct gene. As shown in Figure 2 , zfER␣ was characterized by 47.1% identity with hER␣ and only 40.9% identity with hER␤, which suggests that zfER␣ derives from an ER␣ ancestral subtype rather than from an ER␤ subtype. This result was confirmed by phylogenetic analysis (Fig. 3) , which clearly indicated that zfER␣ belongs to the ER␣ subgroup. Zebrafish ER␤1 and zfER␤2 had 46.8% and 51.5% identity, respectively, with hER␤ but only 37.8% and 39% identity with hER␣ (Fig.  2) . These sequence identities and the phylogenetic tree (Fig.  3) show that zfER␤1 and zfER␤2 are members of the ER␤ subgroup. In two other teleost species, two ER␤ members were recently reported, gfER␤1 and gfER␤2 in goldfish and acER␤ and acER␥ in the Atlantic croaker [21, 22] .
To identify zfER domains, each predicted amino acid sequence was aligned with human ERs (Fig. 2) . The A/B domain is not a significantly conserved region, with only 8.4%-26.6% identity between zfERs and hERs (Fig. 2) . Nevertheless, in human and zebrafish, one serine-proline motif was conserved in both ER␣ and ER␤ (Fig. 1 ) and could be a potential phosphorylation site for the mitogenactivated protein kinase (MAPK) pathway [13, 31, 32] . As expected, the DNA binding domain (C domain) was highly conserved, with 82.1%-91.7% identity between zfER and hERs (Fig. 2) . Each ER notably contained the eight cysteine residues involved in conformation of two zinc fingers (Fig.  1) . Although the D domain appears poorly conserved (no significant identities; Fig. 2 ), alignment shows one conserved arginine residue surrounded by basic residues (Fig.  1) . The C-terminal region (E/F domain) of zfERs has 55.2%-61.8% identity with human ERs. Five conserved motifs involved in E 2 binding [33, 34] were found in each zfER (Fig. 1) .
Estrogen Binding and Transcriptional Properties
As shown in Figure 4A , each expression vector containing the coding regions of zfER␣, zfER␤1, and zfER␤2 pro- (Fig. 4B) , 0.75 Ϯ 0.17 nM for zfER␤1 (Fig. 4C) , and 0.42 Ϯ 0.06 nM for zfER␤2 (Fig. 4D) . These results indicate that all zfERs were able to bind E 2 and that zfER␤2 has a 1.8-fold higher affinity for E 2 than do the two other forms.
The transcriptional capacities of zfER proteins were studied by cotransfection assays in CHO cells using zfER expression vectors and a luciferase reporter gene, ERE-TKLuc. Dose response experiments have been carried out for each form. As shown in Figure 5 , zfER␣ and zfER␤1 exhibited significant transcriptional activity at a dose of 5 ϫ 10 Ϫ11 M E 2 , whereas zfER␤2 appeared to be slightly more active. Zebrafish ER␤2 showed clear transcriptional activity at 10
Ϫ11 M E 2 , in agreement with the Scatchard analyses showing that this receptor was characterized by a higher affinity for E 2 .
To investigate the ligand selectivity of each receptor, cotransfected cells were treated for 36 h with different steroids or ethanol. As expected, ICI or OHT did not activate zfERs, and a 100-fold excess of these compounds completely suppressed E 2 stimulation of the reporter gene mediated by each zfER (Fig. 6 ). All three zfERs were activated by DES and by estradiol metabolites such as E 1 and E 3 . In contrast, other steroids such as testosterone and progesterone were unable to induce expression of the reporter gene mediated by these zfERs (Fig. 6) . As a control, the empty expression vector did not reveal any significant effects on the reporter gene activity after hormonal treatment (data not shown).
Tissue Distribution and Brain Localization of zfER␣, zfER␤1, and zfER␤2 mRNA-Expressing Cells
To study the tissue distribution of mRNA zfER␣, zf-ER␤1, and zfER␤2, a qualitative RT-PCR assay was performed with primers specific for each form (Fig. 7) . Amplification products of the expected size were obtained for each form in reproductive tissues such as brain, pituitary, liver, ovary, and testis but also in the nonreproductive tissues such as intestine and eyes. These amplification products correspond to zfER mRNAs but not their genomic DNA. Based on the structure of the rainbow trout ER␣ gene [35] , all primers of zfERs have been chosen within the putative exon 9 and the putative exon 10. In each case, PCR was also performed with genomic DNA, and only fragments between 1 and 2 kilobases were observed (data not shown).
To first verify that each zfER riboprobe did not detect other mRNAs as a result of sequence similarities, in vitro synthesized zfER mRNAs were hybridized with each zfER cDNA probes in slot-blot assays. As shown in Figure 8 , zfER␣, zfER␤1, and zfER␤2 probes recognized only their corresponding mRNA and did not show cross hybridization.
In the first in situ hybridization experiment, parallel tissue sections were treated alternately with sense and antisense probes. Hybridization with the sense probes resulted in a very weak and homogeneous background without preferential accumulation of grain clusters on particular cell bodies (data not shown). After 2 wk of autoradiography, positive hybridization signals were observed on brain sections with the three zfER antisense riboprobes. Signals were Ϫ8 M progesterone (P). Data are expressed as fold induction relative to empty vector (control) for three independent experiments. Asterisks indicate a significant different between expression vector and control vector (***P Ͻ 0.001).
found consistently in the same brain regions in every fish: the preoptic area, hypothalamus, and posterior tuberculum. However, the signal intensity was always weaker in the two latter regions.
In the preoptic area, the three forms of zfER mRNA were detected in the anterior part of the parvocellular preoptic nucleus, but their respective distributions were not strictly identical, as observed on adjacent sections (Fig. 9) . ER␣ mRNA-expressing cells were exclusively localized in the most ventral zone of this nucleus (Fig. 9, A and B) . A strong positive signal was observed with zfER␤2 antisense riboprobe in that same ventral position, but zfER␤2 signal also extended more dorsally with a lower intensity (Fig. 9,  E and F) . As shown in Figure 9 , C and D, zfER␤1 mRNA had a distribution corresponding to both the ventral and dorsal parts of the parvocellular preoptic nucleus; however, signal intensity was homogeneous over the whole area.
More caudally, zfER␣ and zfER␤2 mRNAs were detected in the ventral periventricular zone of the mediobasal hypothalamus (Fig. 10, A, B , E, and F), whereas zfER␤1 mRNA could not be observed in that region (Fig. 10, C  and D) .
More dorsally, zfER␣ and zfER␤1 mRNA were present in the posterior tuberal nucleus (Fig. 10, A-D) . However, their distributions were not strictly the same within this nucleus; the zfER␤1 mRNA-expressing population was more restricted than that expressing zfER␣ mRNA (Fig. 10,  A-D) . No hybridization signal was detected with the zf-ER␤2 riboprobe in this nucleus (Fig. 10, E and F) . The signal observed in the hypothalamus and the posterior tub- eral nucleus was consistently weaker than that in the preoptic area.
DISCUSSION
Although ER␣ and ER␤ subtypes have been identified in fishes, as in mammals, the presence of multiple forms of ER␤ in some fishes has been recently reported [21, 22] . To understand the potential function of each receptor, we decided first to characterize these three ERs in the zebrafish, a well-studied model of vertebrate early development, organogenesis, toxicology, genetics, and phylogenetics.
Our phylogenetic analysis clearly revealed that zfER␣ belongs to the ER␣ subgroup, whereas zfER␤1 and zfER␤2 are members of the ER␤ subgroup. Moreover, the overall amino acid sequence identity between both zfER␤ forms and mammalian ER␤ is about 50%, whereas identity between both zfER␤ forms and mammalian ER␣ is below 40%. According to a recent study, zfER␤ underwent duplication before the divergence of teleosts, whereas no duplication of the ER␣ gene has been detected [36] . In agreement with this previous study and the present results, two ERs in the ER␤ subgroup have been identified in the goldfish [21] and in Atlantic croaker [22] . The absence of two clearly separated branches demonstrating the existence of two ER␤ forms in teleosts could be the result of an unsignificant bootstrap value of the branch containing the eel ER and the Atlantic croaker ER␤. The proximity on the tree of ER␤ from these two phylogenetically distant species is rather suprising but suggests that the teleost ER␤ family is more complex than that of mammals, raising the question of the specific function of this additional ER␤.
Alignment and identity results showed that the A/B domain of each zfER is hypervariable. In mammals, this region has been identified as the site for the functional differences between ER␣ and ER␤ subgroups. Unlike hER␤, the A/B domain of hER␣ possesses a clear ligand-independent AF1 function that depends on the promoter and cell context [37] . Accordingly, the N-terminal region of ER␣ fused to the heterologous GAL4-DBD shows a clearly autonomous and ligand-independent activity, whereas a GAL4-DBD fusion protein containing the N-terminal region of ER␤ shows no transcriptional activity in Hela or HepG2 cells [37] . Furthermore, the hER␤ deleted from the amino-terminal region was characterized by higher activity than the intact hER␤ [38] . These results suggest that the A/ B domain of ER␤ could possess a repressor function that would be a target for corepressors, but the exact A/B domain function of ER␤ is undefined. The A/B domain of both zfER␤s and of other teleost ER␤s are clearly longer than those of mammalian ER␤, suggesting that ER␤ may function differently in mammalian and nonmammalian species. However, sequence analysis of all ERs in this region revealed a conserved serine-proline motif that corresponds to serine 118 in hER␣. This amino acid residue is a direct substrate for Ras-Raf-MAPK, and phosphorylation of serine 118 was required for the full activity of hER␣ [31, 32] . Likewise, other experiments carried out on mice [13] revealed that mER␤ transcriptional activity can be stimulated by MAPK and requires an intact N-terminal region and notably serine 60. The growth factors are also able to activate MAPK [39] , and a clear cross-talk between growth factors and ER has been demonstrated in mammals [40, 41] . Consequently, it will be interesting to investigate whether this serine residue of zfERs can be phosphorylated by growth factor-activated pathways.
The C domain (DNA binding) is the most highly conserved region. In transfection experiments, zfER␣, zfER␤1, and zfER␤2 induced expression of a luciferase reporter gene monitored by one ERE. This finding suggests that all three zfERs could bind the same ERE, as demonstrated in rat for ER␣ and ER␤. However, Vanacker et al. [42] recently reported that ER␣ transactivates a target gene through binding on a SF-1 response element site, whereas ER␤ was unable to do so. Thus, although the C domain is conserved between each ER form, one cannot exclude the possibility that different DNA cis-elements could mediate specific function of each zfER subtype in vivo.
The intermediary D domain is a less conserved region; however, a basic arginine residue seems to be conserved among all ERs. Moreover, in all cases, this residue is surrounded by some other basic residues. These charges could participate in ER secondary structure and in the stabilization of DNA binding [10, 11] . Furthermore, Wang et al. [43] recently reported that lysine residues within the D domain of ER␣ can be directly acetylated by the nuclear receptor cointegrator P300. Substitution of these residues with charged or polar residues modifies ER␣ transactivation and hormonal sensitivity.
In the carboxy-terminal region, the E/F domain is highly conserved and is known to contain a ligand-dependent transactivation site, AF2 [44] . The AF2 function involves coactivators that interact with helix H12 and are recruited in an estrogen-dependent manner. This transactivation function is similar for ER␣ and ER␤ [45] and probably exists for each zfER. The tertiary structure of the carboxy-terminal region, which also contains helices H3, H6, H8, H11, and H12 surrounding the hydrophobe cavity [34] , is relatively invariant among mammalian ERs and explains why ER␣ and ER␤ bind estrogen with approximately the same affinity [12, 46] . Those particular tertiary structures apparently are also present in the E/F domain of each zfER form.
As demonstrated by binding assays, the zfER proteins were characterized by a high affinity for E 2 . The calculated K d for zebrafish ERs is close to the ER K d in mammals (0.2-0.5 nM). In a recent study comparing point mutants of human and rainbow trout ER␣, two residues within the C-terminal domain of hER␣ (L349 and M528) are implicated in ligand-binding stability at different temperature [47] . Unlike rainbow trout ER, these residues are conserved in zfERs, which partly explains their higher affinity for E 2 compared with other fish ERs [22, 48] . Transfection experiments carried out in CHO cells showed that all zfERs are able to induce a reporter gene driven by an ERE in a strictly estrogen-dependent manner. Dose-effect experiments revealed that the zfER␤2 is high sensitive to E 2 and is able to induce a reporter gene at a minimal concentration of 10 Ϫ11 M E 2 . This high sensitivity for E 2 could be due to a higher affinity for E 2 , as demonstrated by our Scatchard analysis, and/or a better recruitment of coactivators. The transcriptional activities of the zfER␤s were approximately equal to that of zfER␣. However, transitory expression experiments in mammals have revealed that ER␤ has weaker transcriptional activity than does ER␣ [13, 45] , suggesting that teleost ER␤s could be more potent transactivators.
As demonstrated by our qualitative RT-PCR experiments, all zfER mRNAs are detected in different tissues tested, such as brain, pituitary, liver, gonads, intestine, and eyes. To investigate whether these mRNAs are expressed in the same cell populations, in situ hybridization was carried out on an heterogenous E 2 target tissue, the brain. A differential but partly overlapping distribution was found in the preoptic region, mediobasal hypothalamus, and posterior tuberculum, highlighting the fact that the E 2 targets within the teleost brain mainly correspond to neuroendocrine regions. Concerning the distribution of ER␣, these results confirm those obtained in rainbow trout at both the mRNA and protein levels [49] [50] [51] . However, in a recent study in trout the rtER␣ gene generated two classes of transcripts, resulting in short (deleted from the A domain) and long rtER␣ proteins [52] , but only the long isoform was expressed in the brain and pituitary [53] . The same situation probably exists in zebrafish, but further investigation is needed. There has been very little published information on the distribution of ER␤s in the fish brain. In a previous study in Atlantic croaker, different ER mRNAs had distinct distributions in the brain, with the acER␣ form localized in the preoptic area, acER␤ expressed in cells closed to the third ventricule, and acER␥ preferentially situated more laterally in a structure identified as the suprachiasmatic nucleus [22] . Results in rodent brain have also shown a differential localization of ER␣ and ER␤ mRNA in many cerebral regions, with some structures expressing exclusively one mRNA subtype and others expressing both [54] .
Although each ER subtype exhibits a particular pattern of expression, there is considerable overlap in the distribution of those subtypes. This overlap is particularly obvious in the ventral part of the parvicellular area of the preoptic nucleus, where the three ER mRNA subtypes are strongly expressed. Evidence for colocalization of ER␣ and ER␤ mRNA has been highlighted in the rat brain. A combination of in situ hybridization and immunohistochemistry revealed that numerous cell populations expressed both transcripts, with a high rate of coexpression in the preoptic area, bed nucleus of the stria terminalis, and amygdala [18, 54] . In zebrafish, the possible expression of two or three zfER forms in a single cell raises the question of the mode of regulation of E 2 target genes. Each form could regulate different genes implicated in different physiological processes. These forms may also participate in different activation pathways for the same target gene. As demonstrated recently, ER␣ and ER␤ interact differently with nuclear receptor cofactors or with the basal transcription machinery [15, 16] . Additionally, the zfER proteins could interact to form heterodimers, making more complex the potential mechanisms underlying estrogen physiological actions. In mammals, ER␣ and ER␤ preferentially form heterodimer units with a transcriptional activity similar to that of the ER␣ homodimer [55] [56] [57] , suggesting that in vivo estrogen actions could depend on the ratio of each ER subtype in a given cell.
Currently, there is no information regarding the respective roles of these forms in the zebrafish brain during de-velopment or in the adult. In the mouse, invalidation of the ER␣ subtype results in an increase in the number of dopaminergic neurons in the sexual dimorphic anterior ventral periventricular nucleus of males, leading to a feminization of this nucleus [58] . In contrast, ␤ERKO male mice exhibit a regional neuronal hypocellularity in different brain regions, including the medial preoptic area and median amygdala, whereas there is a strong proliferation of astroglial cells [59] . These data indicate that ER␣ and ER␤ are probably involved in neuronal apoptosis and survival during development.
This study provides more detailed information in a model vertebrate species, the zebrafish, on three functional ER forms, zfER␣, zfER␤1, and zfER␤2, which in vitro are able to bind E 2 and to transactivate a reporter gene. The three corresponding mRNAs are expressed in different reproductive and nonreproductive tissues and are characterized by a partial overlapping in the adult brain. These results tend to suggest that the mechanisms underlying the physiological actions exerted by estradiol in teleosts are more complex than originally believed and may notably be governed by the specific equipment of the cell in ER subtypes. These results pave the way for further investigations regarding the specific functions and mechanisms of actions of these three ERs in adult and developing zebrafish.
